Objectives To compare regional cerebellar microstructure, as measured by diffusion tensor imaging (DTI), between preterm infants at term-equivalent age and healthy term-born control neonates, and to explore associations between DTI findings and clinical risk factors.
Results Preterm infants at term-equivalent age presented with higher FA in the dentate nuclei (<.001) and middle cerebellar peduncle (.028), and lower MD in the vermis (.023) compared with controls. Conversely, preterm infants showed reduced FA and increased MD in both the genu of the corpus callosum and splenium (P < .001). Independent risk factors associated with altered FA and MD in the cerebellum included low Apgar score, supratentorial injury, compromised cardiorespiratory function, and surgery for necrotizing enterocolitis and patent ductus arteriosus.
Conclusions This DTI study provides evidence that complications of premature birth are associated with altered cerebellar microstructural organization when compared with term-born control infants. (J Pediatr 2017;182: [28] [29] [30] [31] [32] [33] .
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P rematurity-related brain injury is associated with a high prevalence of neurodevelopmental disabilities. [1] [2] [3] [4] However, neurodevelopmental disorders are also commonly reported in children despite normal conventional neonatal magnetic resonance imaging (MRI) studies. 5, 6 Diffusion tensor imaging (DTI) is highly sensitive in detecting subtle cerebral white matter injury, often missed by conventional anatomic MRI and associated with less favorable outcomes. 7 DTI provides in vivo quantification of brain tissue microstructure including axonal density and white matter integrity. 8 Fractional anisotropy (FA) measures the predominant directionality of water molecule diffusion, and mean diffusivity (MD) is a measure of average water molecule diffusion. 8 Cerebral white matter microstructural development has been studied extensively in preterm infants. 9, 10 Available evidence indicates that by term-equivalent age (TEA), preterm infants demonstrate decreased FA and higher MD in a number of cerebral regions (eg, corpus callosum and posterior limb of the internal capsule), even in the absence of cerebral parenchymal injury. [11] [12] [13] [14] [15] [16] [17] These observations presumably represent cerebral white matter dysmaturation currently thought to play a central role in the high prevalence of neurodevelopmental disabilities in preterm infants. 18 Cerebellar microstructural development following premature birth remains largely unexplored. The third trimester of pregnancy is a dynamic period for cerebellar development and coincides with the timing of most premature births. 19 hemorrhage as detected by conventional MRI has an estimated prevalence of up to 19% in premature infants born before 32 weeks of gestation, 20 with higher rates among extremely low birth weight (<750 g) infants. 21, 22 Moreover, even in the absence of destructive cerebellar injury, cerebellar volumetric growth impairment measured by 3-dimensional (3D) volumetric MRI is prevalent in preterm infants 23, 24 and is associated with an elevated risk of adverse developmental outcomes. 25 Potential mechanisms for impaired cerebellar development include the presence of severe supratentorial injury (ie, through the cerebro-cerebellar diaschisis), [26] [27] [28] and genetic or chromosomal anomalies. 29 The objective of our study was to compare regional cerebellar microstructural development between preterm-born infants evaluated at TEA with a sample of healthy full-termborn newborns using DTI and, to examine the association between regional cerebellar DTI scalars and neonatal risk factors.
Methods
As part of a prospective study initiated in June 2012, we studied premature infants born ≤32 weeks and of ≤1500 g birth weight, admitted to the neonatal intensive care unit of the Children's National Health System. Infants with congenital malformations or dysmorphic features suggestive of a genetic syndrome, confirmed metabolic disorder, central nervous system infection, or chromosomal abnormality were excluded. We recruited controls from a parallel study evaluating serial brain development in utero and postnatally in healthy full-termborn infants (≥37 weeks) from healthy pregnant volunteers. 30 Controls with multiple pregnancies, fetal ultrasound/neonatal brain MRI abnormalities, congenital infection, documented chromosomal abnormalities, and/or multiorgan dysmorphic conditions were excluded. Ante-, peri-, and postnatal information for all enrolled subjects was collected through review of medical records. Written parental consent was obtained from every participant, along with Children's National Health System institutional review board approval.
MRI Acquisitions
Unless clinically indicated for preterm infants, no sedation or intravenous injection of gadolinium-based contrast agents were used during the neonatal MRIs. The nonsedated neonatal MRIs were performed during natural sleep after feeding and swaddling the infants. All infants were immobilized using an Infant Vacuum Immobilizer (Newmatic Medical, Caledonia, Michigan) and provided with double ear protection (ear plugs and neonatal noise guards). A nurse monitored heart rate and oxygen saturation levels during the entire scan. All MRIs were performed on a 3 Tesla MRI scanner (Discovery MR750; General Electric Medical, Systems, Waukesha, Wisconsin) with an 8-channel receiver head coil. Preterm infants were scanned when medically stable at TEA. Healthy controls completed their brain MRIs as outpatients, shortly after birth.
The MRI acquisition protocol included structural imaging (T2 3D-cube and T1 3D-spoiled gradient recalled), susceptibilityweighted imaging, and a DTI acquisition consisting of a single shot echo-planar sequence with 27 noncollinear direction diffusion gradients with an effective high b-value of 1000 s/mm ). An overall score (from 0 to 40) for MRI abnormalities was given using the scoring system of Kidokoro et al 31 for preterm infants at TEA. Abnormalities were subsequently classified as normal, mild, moderate, or severe according to the scoring system's guidelines. Germinal matrix hemorrhage and intraventricular hemorrhage were graded according to the Papile grading system. 32 We excluded preterm infants with cerebellar parenchymal injury detected on conventional MRI.
DTI Processing
Each DTI acquisition was preprocessed using our previously validated DTI pipeline. 33 DTI acquisitions with more than onehalf of the volumes corrupted were discarded from subsequent analyses. Using the B0 image and its registered FA map (Figure 1 ; available at www.jpeds.com), 9 cubic regions of interest (ROIs, 16.5-49.4 mm 3 ) were manually placed by a single observer on 2-3 consecutive slices to maximize the coverage of the evaluated structure, using predefined anatomical landmarks. ROIs were placed in the anterior vermis, in the left/ right: superior cerebellar peduncle (SCP), middle cerebellar peduncle (MCP), dentate nuclei, and 2 symmetrically placed ROIs in the pons at the level of the corticospinal tract (Figure 2 ; available at www.jpeds.com). To further validate our DTI measurements in the cerebellum, we added ROIs in 2 welldocumented cerebral regions: genu and splenium of the corpus callosum. The 3 eigen values were then extracted for each ROI.
Ten subjects were analyzed twice following a 24-hour interval by the principal evaluator to calculate intrarater reliability and intraclass correlation coefficient ranged between 0.94 and 0.99 for all regions. The principal evaluator and a pediatric neurologist with experience in DTI postprocessing of cerebellar structures (A.P.) independently processed 18 subjects (9 preterm infants/9 controls) to establish interrater reliability. Intraclass correlation coefficient for inter-rater reliability ranged between 0.84 and 0.98.
Statistical Analysis
Descriptive statistics were used to characterize the sample and the outcomes of interest. Assumptions of normality were evaluated and normalizing transformations were applied when necessary to permit parametric analyses. Laterality in bilateral ROIs was assessed using paired t tests between the left and right sides. When there was a statistical difference, each side was evaluated separately.
Subsequently, multiple linear regression models were developed to evaluate the relationship between regional microstructural integrity and prematurity. Controlling for postconceptual age at MRI, each model compared the mean FA and MD measurements in ROI between preterm infants vs controls.
Finally, to identify risk factors related to variations in microstructural integrity in the preterm group, we began by Volume 182 • March 2017 evaluating the degree of association between each candidate risk factor variable with FA and MD within each ROI, controlling for postconceptual age at MRI. The independent risk factors include intubation at birth, Apgar score at 5 minutes, bronchopulmonary dysplasia, clinical infection with positive culture, patent ductus arteriosus (PDA) ligation, surgery for necrotizing enterocolitis (NEC), number of days intubated, and MRI abnormality score. Models for FA and MD within each ROI were created using a backward stepping procedure that allowed each term to enter but required a P value of <.12 to remain. Our final models evaluated independent additive effects of each risk factor as estimated using regression coefficients. Because we considered these analyses to be hypothesis generating rather than hypothesis testing, we used the nominal 2-tailed type I error of 0.05 without adjusting for multiple comparisons. All statistical analyses were performed using Stata 13 (StataCorp, College Station, Texas).
Results
From June 2012 to March 2015, we enrolled 133 preterm infants in this study. Of these, 1 infant subsequently developed meningitis and was excluded from further analyses, 9 infants were discharged home before 37 weeks without having a TEA MRI, 6 died, and 3 remained too clinically unstable at 46 weeks to be transported for MRI. Of the remaining 114 preterm infants who had a TEA MRI, 37 were excluded because of the presence of cerebellar parenchymal injury, 2 scans did not include DTI because the infant woke up, and 2 DTI studies were rejected because of excessive motion artifact. A total of 73 preterm DTI studies were included in the final analysis. We also studied 73 full-term healthy controls using the same DTI acquisition and postprocessing protocol. The neonatal and clinical characteristics of both groups are presented in Table I .
All newborn brain MRI studies of the control group were normal. Forty-four (60.3%) preterm infants had a normal TEA MRI, 23 (31.5%) presented with mild abnormality (eg, mild thinning of the corpus callosum), 5 (6.8%) with moderate abnormality (eg, bilateral white matter volume loss), and only 1 (1.4%) with severe injury (cystic periventricular leukomalacia). Six (8.2%) had germinal matrix hemorrhage/ intraventricular hemorrhage grade I, 10 (13.7%) had grade II, and 1 (1.4%) had grade III.
Regional DTI Comparisons between Preterm Infants and Healthy Controls
There was no statistically significant difference between the left and right side of the bilateral ROIs measured, with the exception of MD in the MCP. For this ROI, term control infants showed significantly lower MD in the left MCP compared with the right MCP (P = .01), and both sides were, therefore, analyzed separately. Mean FA and MD values in each group for each ROI are presented in Table II .
Preterm infants showed significantly lower mean FA than controls in both the splenium and genu of the corpus callosum (P < .001). Correspondingly, MD was higher in the preterm group compared with the controls in both regions but reached significance only in the splenium (P < .001).
In the cerebellum, preterm infants showed significantly higher mean FA when compared with controls in the dentate nuclei (P < .001) and MCP (P = .028). Although not significant, FA trended higher in preterm infants vs controls across all the other cerebellar ROIs as well as in the pontine corticospinal tract. Preterm infants had significantly lower MD than controls in the vermis only (P = .023) and borderline lower MD in the right MCP (P = .063).
Risk Factors in Preterm Infants Associated with Regional DTI
We then explored associations between risk factors and regional FA and MD within the preterm infant. Tables III and IV summarize the independent risk factors in the preterm group that related to regional differences in FA and MD, respectively. In the cerebral white matter, surgical procedures for PDA or NEC and compromised cardiorespiratory function, based on either number of days intubated or bronchopulmonary dysplasia were the primary risk factors associated with reduced FA and increased MD. Other risk factors for decreased cerebral FA in the corpus callosum included the MRI abnormality score for the genu and low Apgar score at 5 minutes for the splenium.
There were a number of different clinical factors independently associated with cerebellar FA and MD, but low Apgar score at 5 minutes and compromised cardiorespiratory function were the recurrent factors associated with reduced FA and increased MD across the majority of cerebellar ROIs. Other independent risk factors that related to higher regional cerebellar MD included surgical procedures and intubation at birth. Unexpectedly, there was a relationship between higher 
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MRI abnormality scores and increased FA and decreased MD in the vermis and the SCP. The dentate nuclei also demonstrated counterintuitive associations where greater FA was associated with intubation at birth and infection, and reduced MD was associated with compromised respiratory function, NEC surgery and lower 5-minute Apgar score.
Discussion
Our study reports regional cerebellar microstructural alterations in preterm infants at TEA compared with an equally large cohort of term-born controls. Specifically, our data shows that preterm infants at TEA have significantly greater FA in the dentate nuclei and MCP and lower MD in the vermis compared with healthy term-born controls. One other study has compared the diffusion characteristics of the MCP between 75 preterm infants at TEA and 15 full-term born infants and reported no differences. 13 However, the small number of controls may have hindered detection. In our study, independent risk factors associated with altered FA and MD in the MCP, SCP, dentate nuclei, and vermis included low Apgar score, supratentorial injury, compromised cardiorespiratory function, and markers of illness severity requiring surgery for NEC and PDA.
The mechanisms underlying these intriguing observations in our preterm cohort are undoubtedly complex and mediated by multiple processes. For instance, although FA is an important marker of fiber coherence and maturation in bidirectional white matter fiber tracts, other physiological processes also can increase FA such as decreased dendritic branching, reduced axonal diameter, and loss of kissing and crossing fibers. 8, 34, 35 Noteworthy, the cerebellar white matter tracts that connect to the cerebellar deep nuclei are particularly rich in crossing axonal pathways. 36, 37 It is possible that premature birth and early extrauterine exposure of the immature cerebellum during its most dynamic growth period leads to delayed or aberrant development of these emerging networks.
Although the associations with individual risk factors varied across ROIs and were of small magnitude, overall illness severity related to lower cerebellar and cerebral FA in our preterm infants, except for the dentate nuclei that showed the greatest FA differences between preterm infants and controls. This observation of increased FA in the dentate nuclei is particularly difficult to interpret, as there is very little published literature describing how DTI variables evolve in the developing cerebellar deep gray nuclei. Although the myelin content of the dentate nuclei increases with development, 38 its convoluted structure and dense network of interconnecting large neurons 39 make it unlikely that an increased FA translates into fiber coherence as seen in the highly parallel and organized cerebral CST, corticospinal tract. *Significant difference between left and right side in the control group, therefore, ROIs were compared separately. Analyses were controlled for postconceptual age at MRI. Table III white matter tracts. In the neonatal human, cat, and mouse brain, cortical gray matter has a relatively high anisotropy that rapidly decreases the first 2 weeks after birth. 40 The rapid decrease in FA is attributed to dendrite growth, which disrupts the coherent water motion along the columnar organization of the axons in the cortical gray matter. A similar mechanism also may explain the higher FA in the dentate nuclei of preterm neonates compared with full-term neonates. Future studies correlating findings on neuropathology and advanced quantitative MRI techniques, such as high angular resolution diffusionweighted imaging with high magnetic field, would be beneficial in better delineating the complex fiber track organization of the cerebellum.
In our study, preterm infants at TEA showed significantly lower MD compared with full-term controls in the vermis only, suggesting more restricted water diffusion. This finding may reflect greater cellular density, decreased intercellular spacing, and an increased size and/or number of macromolecules. 41 Of note, FA and MD in the vermis were inversely associated with cerebral injury severity. Greater supratentorial injury related to higher FA and lower MD in the vermis. Interestingly, the association between cerebral injury severity and FA and MD was also seen in the SCP, an efferent cerebellar tract; however, MD in the SCP was not significantly different between preterm infants and controls. Previous studies that evaluated the cross-tentorial effect of cerebral parenchymal injury on cerebellar development in preterm infants have reported diminished FA and increased MD in the MCP and SCP in the presence of diffuse PVL 42 or severe IVH (ie, with ventricular dilatation or periventricular hemorrhagic infarction). 28 One explanation for the discrepancy between the results of these previous studies, and ours likely stems from the difference in ROI placements as the 2 previous studies did not measure DTI scalars in the vermis. Moreover, only a small subset (8%) of the preterm infants in our sample had moderate or severe supratentorial injury, reflecting an overall lower rate of injury severity.
The reported decreased FA and corresponding higher MD in the corpus callosum in preterm infants at TEA when compared with healthy controls support previous reports.
11 -14,17,43 Now widely accepted, increased FA and reduced MD in the healthy newborn commissural tract development reflects this highly parallel microstructural fiber organization and typical premyelination development. 8, 44 In addition, we corroborate previous reports demonstrating that white matter microstructural organization of the corpus callosum is negatively associated with compromised respiratory function, 11 cerebral injury, 45 and neonatal infection. 46 In this case-control study of regional cerebellar microstructural development in preterm infants at TEA, we used an ROI based approach to measure cerebellar DTI variables. We demonstrated very high intrarater and inter-rater reliability coefficients with our ROI measurements, which minimizes this potential bias. We, therefore, believe that our approach was appropriate as a first effort in elucidating the DTI characteristics of this relatively unexplored yet vulnerable structure in the developing preterm brain. The number of ROI measured was limited by the low resolution of the cerebellar structures and tissue types (white vs gray matter) in the small preterm brain. Accordingly, we choose to study only cerebellar regions we could confidently and consistently measure. Novel high-resolution methods are needed in the future to study regional cerebellar microstructure development more precisely. Our relatively modest sample size might have limited our ability to detect associations with less frequent risk factors or with complex underlying interactions, and consequently, the reported associations should be considered hypothesis generating. It is also important to note that only a limited number of risk factors were explored in this current study as a secondary objective. We realize that other potential risk factors for compromised cerebellar development such as morphine and corticosteroid exposure 47, 48 require further investigation in future studies. Overall, this study shows that microstructural development is altered in the MCP, vermis, and dentate nuclei in preterm infants at TEA reflecting greater illness severity. Longitudinal follow-up of this cohort will provide greater insight into the impact of early-life disturbances in cerebellar organization on neurodevelopmental disabilities in ex-preterm infants. ■ 
